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ABSTRACT 


The  purpose  of  this  development  effort  tMS  to  achieve  a  practical 
Implementation  of  a  fluidic  composite  valve  to  replace  the  compression 
valve  of  a  conventional  shock  absorber  to  Improve  vehicle  control  and 
performance.  The  effort  was  to  result  In  the  delivery  of  two  breadboard 
adaptive  fluid  vibration  dampers  {shock  absorbers)  for  Government 
evaluation. 

Program  results  Include  the  sizing,  design,  packaging,  fabrication 
and  testing  of  several  modifications  of  a  compact,  Inertlally  controlled 
arrangement  of  three  parallel  fluidic  beam  deflection  amplifiers  con¬ 
trolling  a  vortex  valve.  Fabrication  techniques  of  the  fluidic  valve 
Included  photo-etching  of  steel  amplifier  discs  that  were  diffusion 
bonded  to  form  a  sleeve  for  a  conventional  valve  spool  that  serves  as 
the  Inertial  sensor.  A  unique  two-electrohydraul 1c  servovalve  test 
circuit  was  produced  that  provided  constant  flow  control  over  a  wide 
range  of  load  variations. 

T*w)  breadboard  vibration  dampers,  one  assembled  and  one  unasseirt)led, 
were  delivered  to  the  Government  for  evaluation. 


1.  INTRODUCTION 


In  July  1976,  Th«  Bendix  Corporation,  Electrodynaalcs  Division 
Initiated  work  on  a  contract  with  the  Mobility  Systems  Laboratory, 

U.S.  Amy  Tank-Automotive  Research  and  Development  Ccwmand  (TARAOCOM) 
for  the  design,  manufacture  and  test  of  two  breadboard  adaptive  fluidic 
vibration  dampers  for  Government  evaluation.  The  effort  was  to  be 
based  on  the  study  performed  on  Contract  DAAE07-75-C-0104  by 
Or.  R.E.  Bowles  as  reported  in  TARAOCOM  Report  No.  1Z086,  October  1975. 

The  study  developed  a  simplified  fluidic  composite  valve  to  replace 
the  compression  valve  of  a  conventional  shock  absorber.  The  fluidic 
unit  incorporated  an  acceleration  sensor  which  was  to  monitor  wheel 
vertical  acceleration  and  modify  the  compression  valve  damping 
coefficient  as  a  function  of  the  magnitude  of  the  acceleraiton. 

The  purpose  of  varying  the  damping  coefficient  is  to  reduce  energy 
absorbed,  promote  damper  longevity,  reduce  transferred  energy  to  the 
vehicle,  improve  the  ride  quality,  increase  the  wheel -ground-contact 
time  and  Increase  vehicle  control  and  performance. 

This  report  presents  the  history  and  results  of  the  present  program 
t^ich  produced  three  generations  of  the  fluidic  compression  valve  to 
attain  satisfactory  static  results.  It  also  produced  a  unique  two- 
electrohydraul ic-servoval ve  test  circuit  that  provided  constant  flow 
control  over  a  wide  range  of  load  variations. 


2.  OBJECTIVES 


The  objectives  of  the  program  viere  in  general  to  design,  fabricate 
and  test  a  breadboard  adaptive  fluidic  vibatlon  damper  Incorporating  an 
adaptive  damper  compression  valve  as  defined  In  TARADCOM  Technical  Re¬ 
port  No.  12086,  Investigation  of  an  Adaptive  Fluidic  Vibration  Damper, 
for  TARADCOM  evaluation.  To  accomplish  the  objectives,  the  program 
tasks  were  established  as  follows; 

•  Size  a  preliminary  vortex  valve  for  litmedlate  testing  to 
determine  the  force  ratio  possible  using  a  small  hydraulic 
vortex  valve. 

•  Conduct  preliminary  sizing  and  design  layout  of  a  manifold 

to  connect  the  various  parts  of  the  simulated  shock  absorber. 

•  Make  detail  drawings  froffi  which  parts  can  be  made  for  all 
the  required  components. 

•  Fabricate  all  the  required  components. 

•  Design  and  fabricate  the  required  test  equipment,  which 
includes  a  flow  control  test  bench. 

•  Test  the  combination  vortex  valve-beam  deflection  amplifier- 
accelerometer  (adaptive  compression  valve)  as  a  unit,  both 
statically  and  dynamically.  If  design  deficiencies  are  iden¬ 
tified  as  a  result  of  testing,  such  deficiencies  shall  be 
Isolated  and  corrected. 
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3.  RESULTS/CONCLUSIOHS 


RESULTS 

Adaptive  Fluidic  Cgrpression  Valve 

After  unsuccessful  tests  of  two  designs,  a  third  configuration  of 
the  coa^resslon  valve  performed  reasonably  well  during  static  tests. 
The  spool  type  valve  design,  which  used  photo-etched  discs  that  were 
fusion  bonded  to  form  the  sleeve.  Is  Illustrated  In  Figure  1.  Static 
test  results.  In  which  each  spool  of  the  three  different  assemblies 
of  the  latest  design  was  manually  positioned,  are  shown  In  Appendix  A, 
Figures  A-1,  A-2,  and  A-3.  These  three  figures  show  the  resistance 
ratio  as  determined  from  the  square  of  the  ratio  of  measured  flows  for 
various  spool  positions  from  the  highest  resistance  (lowest  flow),  or 
neutral  position.  In  these  tests,  the  lowest  resistance  (neutral) 
position  was  determined  by  pushing  the  dlsc-type-sprlng-centered  spool 
until  the  lowest  flow  rate  was  attained;  then  the  position  adjustment 
screw  was  turned  In  small  Increments  and  the  Increased  flow  rate 
recorded. 

As  can  be  seen  from  the  plots  In  Figures  A- I  through  A-3,  the 
results  of  the  three  assemblies  are  In  close  agreement  In  overall 
magnitude  of  the  achieved  resistance  ratio.  While  the  highest  ratio 
(from  3.0  to  3.5)  Is  less  than  desired.  It  was  considered  sufficient 
for  use  In  the  breadboard  fluidic  vibration  damper.  Consequently,  the 
Ho.  1  assembly  was  subjected  to  dynamic  testing. 


- — ^Accelerometer  Mass 
(Spring  Supported  Spool) 


Porting  Discs 


^Amplifier  Section  No.  1 
Porting  Disc 

_ Amplifier  Section  No.  2 


Porting  Discs 

—  Amplifier  Section  No.  3 

—  Porting  Discs 

"“Amplifier  Section  No.  4 

_Port1ng  Discs 

_  Vortex  Chamber  Discs 

—  Vortex  Orifice  Discs 


I  -  ADAPTIVE  ELUIDIC 
COMPRESSION  VALVE 
P/N  3320977-1 


OyitMlc  testing  ms  ecconpHshed  In  the  saac  test  fixture  used 
for  static  testing,  reference  Figure  2,  Mhich  slaulates  the  coapresslon 
valve  cavity  of  the  Valve  Assevibly,  P/N  3320976.  This  smII  test 
fixture  MS  used  so  that  It  could  be  displaced  In  electrically  pro* 
grained  motion  by  a  small  electrohydraullc  servoactuator  In  the  test 
arrangement  of  Figure  3. 

Results  of  the  dynamic  testing  Mre  extremely  disappointing  Ip  that 
the  valve  produced  only  very  small  changes  In  resistance  (pressure  drop) 
and  then  only  In  response  to  relatively  large  magnitude* square  Mve 
displacements.  No  response  could  be  detected  with  sinusoidal  and 
triangular  wave  displacements.  Nmerous  removals  of  the  valve  from 
the  fixture  --  In  an  attempt  to  find  and  remove  sourcfci  )f  friction  -- 
did  not  contribute  to  any  appreciable  Impi'ovecent .  At  this  point,  it 
should  be  noted  that  prior  to  diffusion  bonding,  the  assembly  ms 
clamped  and  the  three  locator  pins  removed.  After  bonding,  some  of 
the  discs  In  the  assembly  were  shown  to  have  slipped  approximately 
0.006  Inch  diametrically.  With  the  known  precision  of  the  etched 
discs  and  the  0.010  Inch  amplifier  nozzle  sljc  of  three  amplifiers 
120  degrees  apart,  there  ms  no  assurance  of  (1)  the  accelerometer 
bore  being  concentric,  (2)  the  noizle  sizes  being  0.010  Inch,  (3)  the 
concentricl ty  of  receiver  orifices,  and  (4)  the  vortex  valve,  which 
1n  itself  is  a  disc  assembly,  was  not  misaligned.  Normal  manufacturing 
practice  calls  for  leaving  locator  pins  In  place  until  after  bonding. 


C*S*K  WASHER  HS  20002C4  FIG.  2  -  COHPRESSION  VALVE  TEST  FIXTURE 


MIL-H-S606 
POWER  SUPPLY 


Another  factor  that  could  have  an  Influence  on  the  dynamic 
performance  Is  the  flow  force  (Bernoulli  force)  generated  by  flow 
through  the  spool/sleeve  metering  apertures.  This  was  not  originally 
considered  a  significant  probability;  however,  as  discussed  sub¬ 
sequently  In  the  Conclusions,  the  force  could  be  equivalent  to  an 
acceleration  of  2  g's  with  only  a  flow  of  0.2  gp<n. 

After  consultation  with  TARADCOM  personnel,  and  subsequent 
spool/sleeve  lapping  to  reduce  friction.  It  was  decided  to  evaluate 
the  performance  of  the  valve  In  a  fluid  containing  graphite  In 
suspension,  rather  than  the  MIL-H-5606  hydraulic  fluid  previously 
used  In  testing,  to  further  attempt  minimization  of  friction. 

However,  since  the  Bendl*  hydraulic  test  system  could  not  be  con¬ 
taminated  with  the  graphite  because  of  the  cost  of  subsequent 
decontamination  and  since  Bendlx  had  not  planned  on  testing  the 
complete  fluidic  Shock  Absorber  Assembly  (sho*fn  In  Appendix  A, 
figures  A-4  and  A-5),  It  was  mutually  agreed  to  deliver  one  assembly 
filled  with  Arco  Graphite  Motor  Oil  to  TARADCOM  for  evaluation. 
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Flow  Control  Tes;  Bench 


The  flow  control  test  arrangement  required  to  maintain  constant 
system  flow  during  the  resistance  variations  Imposed  by  the  compres* 

Sion  valve  during  dynamic  testing  Is  shown  In  Fig.  4.  This  closed 
loop  system  with  two  electrohydraulic  servovalves  and  a  pressure  feed¬ 
back  loop  was  designed  to  maintain  a  constant  differential  pressure 
(P  -  C^)  across  the  No.  1  servovalve  for  any  given  Input  current  to 
the  servovalve  by  varying  the  Input  connand  to  the  No.  2  servovalve. 

This  caused  Its  differential  pressure  (C^  -  Cj)  to  vary  Inversely  with 
the  pressure  drop  (C^  -  B)  across  the  compression  valve  on  test.  Al¬ 
though  no  specific  test  data  was  generated  In  setting  up  the  test 
arrangement,  ^’9-  ^  --  showing  the  preliminary  vortex  valve  test  re¬ 
sults  ••  Indicates  that  flow  control  was  accomplished.  For  example,  at 
3.5  mllllamps  current,  the  resistance  (AP)  ratio  of  10.7:1  was  attained 
with  tangential -flow  only  to  radial-flow  only,  while  maintaining  a  con¬ 
stant  flow  rate  In  the  system  as  Indicated  by  Fig.  6.  In  this  figure. 

It  can  be  seen  that  the  flow  gain  Is  Identical  for  both  radial  and  tan¬ 
gential  flow  modes  for  which  the  resistance  ratio  varied  as  stated  above. 
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aow  COWTROL  TEST  SYSTEM  SCHFMATir*; 


VORTEX  CHAMBER  HEIGHT  •  0.4  Og 
-  CHAWER  ORIFICE  OIA-  *  .094 


SERVO  NO.  1  CURREKT  Ow) 


Radial  Flow  Onl 


Fig.  7  shows  the  effect  on  Servo  No.  2  current  is  the  current 
Is  virled  on  Servo  No.  1.  The  loid  In  eich  cise  ws  the  prellalniry 
vortex  valve  flowing  In  the  tangential  node  only  and  the  radial  aode 
only.  This  Is  the  correct  response  If  the  total  systoi  ^  P  Is  held 
constant  and  the  ^P  across  Servo  No.  1  Is  held  constant. 

For  the  static  case,  the  flow  through  Servo  No.  1  Is  the  same 
as  the  flow  through  Servo  No.  2  which  Is  the  same  as  the  flow  through 
the  vortex  valve. 

Thus,  assunlng  3000  psi  systemiiP  and  500  psi  across  Servo  No.  1, 


Q  -  KA1,  •  I^AIj  ^2500  -AP  •  \  ^AP 

(KAIj)^  (2500)  -  jt/  ♦  (KAIjI^J  dP 
^  p  .  2500  (kAIj)  ^ 

7  ?  /  \  r 

.  .  (KAl,)  (500)  •  (KAU)  (2500)  1  -  — ^ - 

^  L  V  ^  ^*^^^2^ 


Solving  for  (KAI^)^ 


(5) 

♦  {>CAi2)^ 


(KAig)^ 

(KAIj)^  •  (KAI,)^ 

5K^^  -  (KAl,)^ 
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K-E 


Is  th«  effective  area  of  the  vortex  valve.  If  we  assune  that 
■  3K  •  3,  we  get  the  curve  shown  in  Fig,  8.  If  we  assune  that  ■ 

K  ■  1,  we  get  the  other  curve  shown  in  Fig.  8,  These  curves  are  iden¬ 
tical  in  shape  to  the  curves  of  Figure  ^  taken  fron  the  flow  bench  with 
the  vortex  valve.  Therefore,  we  conclude  that  at  least  statically,  the 
flow  through  the  flow  bench  is  only  a  function  of  Servo  Mo.  1  current, 
not  of  the  downstreacn  resistance. 

At  this  point  in  the  damper  development,  the  dynanic  requirements 
of  the  damper  Itself  were  greatly  reduced  due  to  the  lagged  accelerometer 
and  the  nonlinear  effects  of  the  damping  orifice.  (The  calculated  re¬ 
sponse  cf  the  damper  for  various  input  velocities  —  flows  --  is  shown 
in  Appendix  B,  Figure  B-4.)  Notice  that  the  frequency  peaks  are 
in  the  1  to  4  Hz  range;  thus,  no  high  response  testing  was  done  on  the 
flow  bench.  The  response  of  the  system  *->  step  inputs  seemed  to  be  ade¬ 
quate  for  the  required  4  cps  response. 


CONCLUSIONS 


Based  on  the  results  presented,  the  following  conclusions  are 
sutal tted : 

•  It  seems  feasible  to  produce  a  practical  fluidic  compression 
valve  that  can  be  incorporated  In  an  adaptive  vibration  damper. 

•  The  performance  of  the  compression  valve,  although  satisfactory 
hydraulically  (by  achieving  a  max.  resistance  ratio  variation  of  3.5:1), 
was  poor  In  respect  to  Input  acceleration.  Since  repeated  attempts  at 
eliminating  conditions  that  could  Induce  friction  between  the  valve  spool 
and  sleeve  failed  to  Improve  performance.  It  Is  concluded  that  significant 
additional  spool  mass  Is  required.  Using  a  much  larger  spool  mass  means 
using  a  larger  spool  and  a  spool  such  as  this  would  not  need  the  added 
gain  of  the  beam  deflection  amplifiers  (the  amplifiers  only  reduce  the 
amount  of  flow  required  to  go  through  the  spool  valve).  Thus,  the  objec¬ 
tives  of  better  static  and  dynamic  performance  could  be  realized. 

•  Another  phenomenon  that  may  have  contributed  significantly  to  the 

poor  dynamic  response  of  the  spool  mass  to  Input  acceleration  Is  the  Ber¬ 
noulli  force  developed  by  flow  through  the  spool/sleeve  porting  apertures. 
This  force  can  be  expressed:  - - 

"  ‘'d  AP  Q  Cos  69°  (1) 

Where  ■  Aperture  discharge  coefficient 

f  ■  Fluid  specific  weight 
g  ■  Acceleration  constant 
P  ■  Pressure  differential  across  aperture 
Q  •  Flow  through  aperture 
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So  by  assuming 
Cd  •  .65 

g  =  386  in/sec^  (9,804  m/sec^) 

Q  =■  .385  in^/sec  (6.309  x  lO'*'  m^/sec) 
f  =  .031  1b/1n^  (.841  x  10^  N/m?) 

AP  =  100  psi  (6.894  X  10^  N/m?) 


the  force. 


.385  Cos  69° 


«  .0114  lb.  (.051  N) 


With  a  measured  spool  weight  of  2.65  grams  (.0058  1b),  it  is 
apparent  that  it  would  take  nearly  ?  g's  to  attain  the  flow  assumed. 

If  the  A P  is  guadrupled  |400  psi  (27.58  x  10^  N/m^jj,  then  the  number 
of  g's  required  would  double. 

•  A  force  ratio  of  about  10/1  is  possible  with  a  small  hydraulic 
Vortex  Valve  (Ref,  Fig.  5),  thus  indicating  that  there  is  room  for 
significant  improvement  in  static  performance. 


•  The  best  static  performance  was  achieved  with  an  amplifier 
nozzle  area  to  vortex  outlet  area  ratio  of  1.13  to  1,  indicating  that 
sufficiently  high  velocity,  and  thus  pressure  drop,  must  be  maintained 
through  the  amplifiers  for  them  to  function  with  the  Vortex  Valve. 
However,  the  resistance  through  the  amplifiers  is  essentially  constant 
while  the  resistance  of  the  Vortex  Valve  is  that  resistance  which  is 
variable.  High  resistance  in  the  amplifiers  greatly  diminishes  the 
effective  resistance  ratio  of  the  Vortex  Valve. 
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Assuilng  a  MxImuM  possible  force  ratio  of  the  Vortex  Valve  to  be 
10/1  and  the  area  ratio  c'  amplifier  nozzle  to  vortex  outlet  to  be  1.13, 
the  maximum  possible  system  force  ratio  can  be  calculated  as  follovrs: 


Q  -  103  -  103  Ay  ^ 


If  Ay  varies  from  .885  A^^  to  .2798  Aj^,  then  the  maximum  force  ratio 

('  *^:T75i 


P,  •  \  -  .2798  Aj^ 

P7T^;--.3gr>- 


is  F 


ratio 


0  >') 


Using  the  same  analysis  but  allowing  Ay  «  .333  and  maintain¬ 
ing  the  maximum  Vortex  Valve  force  ratio  at  10/1  gives  a  maximum  pressure 
force  ratio  of  9.102. 

The  ratio  of  actual  pressure  ratio  to  theoretical  pressure  ratio, 

3  2 

*  .529,  indicates  that  there  is  still  significant  improvement 
to  be  made  using  the  present  design  sizing. 


•  A  system  of  achieving  constant  flow  with  varying  load  resistance 
».as  achieved  using  the  two -servovalve  flow  benct  as  de.cribed  previously. 
Its  dynamic  performance  (approximately  4  cps  at  90°)  was  considered  to 
be  adequate  for  dynamic  testing  of  the  final  compression  valve. 
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4.  RECOmCNDATIONS 


STATIC  FERFOWWCE 

•  An  InvestlQitlon  should  b«  conducted  to  detemlne  If  Inpedance 
Mtch1n9  can  Inprove  the  static  performance  of  the  bean  deflection 
anpllfler-vortex  valve  combination  from  the  achieved  3.0  or  3.5  to  1 
pressure  ratio  to  closer  to  the  10  to  1  pressure  ratio  obtained  with 
the  preliminary  vortex  valve. 

0  Although  the  supply  (or  power)  flow  channel  areas  were  Increased 
as  ouch  as  seemed  practical  In  the  space  allowed  for  the  final  con> 
figuration  of  the  bean  deflection  amplifier-vortex  valve  combination 
(without  impacting  the  housing  design),  no  analysis  was  made  to 
evaluate  the  pressure  loss  or  the  effect  on  perfonnance.  Therefore, 
this  evaluation  should  be  made  to  assess  Its  contribution.  If  any,  to 
a  poorer  static  oerformance  than  anticipated  from  the  preliminary 
vortex  valve  results. 

•  Consideration  should  be  given  to  conducting  a  design  study  of  a 
spool  and  sleeve  type  valve  to  replace  both  the  present  spool  valve 
and  beam  deflection  amplifiers.  Elimination  of  the  beam  deflection 
amplifiers  should  make  It  possible  to  realise  a  pressure  ratio 
demonstrated  with  the  preliminary  vortex  valve  (10:1). 

DThAWIC  PERFORyWtCE 

•  A  design  study  should  be  made  to  deterr.ilne  how  much  larger  a 
spool  mass  Is  needed  for  the  existing  concept  to  achieve  the  required 
sensitivity  to  acceleration  Inputs  and  If  It  can  be  packaged  In  a 
reasonably  sized  envelope. 
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5.  ADAPTIVE  FLUIDIC  COMPRESSION  VALVE  DEVELOPMENT 


FINAL  COMPRESSION  VALVE 

The  Final  compression  valve  configuration  which  Is  shown  In  Fig. 

9  consists  of  two  Integrated  parts.  The  large  cylindrical  part  (Fig,  9) 
Is  a  fusion  bonded  assembly  of  steel  (Sandvik  13C26  )  discs  and  a  steel 
base  containing  the  0-r1ng  groove  for  Installation.  The  steel  discs 
which  occupy  the  upper  third  of  the  sleeve  are  shown  In  Fig.  10,  along 
with  a  U.  S.  dime  (coin)  for  size  comparison.  The  discs  are  stacked  In 
an  order  that  would  form  three  parallel  hydraulic  circuits  containing  a 
total  of  12  beam  deflection  amplifiers,  a  vortex  valve  and  the  necessary 
porting  discs  to  Interface  with  the  spool  as  It  Is  displaced  relative  to 
the  stack  of  disc;  by  acceleration  of  Its  mass.  The  spool  that  slides 
within  the  sleeve  Is  the  smaller  cylindrical  section  of  the  smaller  com¬ 
ponent  In  Fig.  9.  The  larger  cylindrical  mass  that  Is  Integral  with  the 
spool  Is  the  major  mass  effected  by  acceleration.  The  spoo’  material  for 
this  version  of  the  compression  valve  Is  a  tungsten  (9Ct)-n1ckel  (6X)- 
copper  (4t)  alloy  (CMW  1000)  with  a  density  twice  (16,96  gms/cc)  that  of 
steel.  The  spool  mass  is  suspended  by  means  of  a  disc  type  spring  shown 
In  Fig.  11.  Although  the  -1  spring  (0.015  wide  spirals)  Is  shown,  the 
-2  spring  (0.030  wide  spirals)  was  used  with  the  heavier  tungsten-alloy 
spool.  The  -2  spring,  which  was  made  of  0.004-lnch  thick  Sandvik  13C26 
steel,  was  designed  for  a  spring  rate  of  .435  Ibs/Inch.  The  spring  Is 
clamped  In  place  between  two  spacers  by  a  threaded  clamping  ring  within 
the  Installation  bore  of  the  valve  housing,  or  test  fixture.  At  the 
spool  end  opposite  the  large  mass,  a  counterbore  to  a  hole  drilled 
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f  l''..  11  -  COMPRESSION  VALVE  SPOOL 
r.EMTERINC.  SPRING.  P/N  1318972 
(-1  WITH  0.015  WIDE  LEAVES; 

-2  WITH  0.030  WIDE  LEAVES! 


through  the  spool  Is  used  to  accept  a  0.062  00  »  0.028  thick  sapphire 
orifice  containing  a  0.00S«1nch  diameter  metering  hole.  Consequently, 
as  the  spool  mass  Is  forced  to  move  by  the  acceleration  force  applied, 
the  displaced  fluid  in  the  "blind”  spool  bore  Is  conducted  through 
the  orifice  and  spool  hole  back  to  the  supply,  or  high  pressure  side 
of  the  valve,  effecting  a  first  order  lagging  of  spool  motion.  This  Is 
done  to  comply  with  the  Nod  II  Adaptive  Fluidic  Vibration  Damper  con« 
figuration  pursuant  to  TARAOCOM  Report  12226  so  that  the  conpresslve 
force  Is  controlled  by  vertical  wheel  velocity  rather  than  acceleration. 

The  four  sections  (three  each)  of  beam  deflection  a^)11f1ers  that 
are  enumerated  In  Figure  1  are  made  up  of  the  number  and  type  of 
discs  called  out  In  the  figure.  The  three  types  of  discs  (6,  7,  and  10) 
forming  the  12  amplifiers  are  shown  In  enlarged  form  In  Appendix  A, 
Figures  A-6,  A>7,  and  A->8.  The  amplifiers  control  the  flow  to  either 
the  tangential  or  radial  ports  of  the  vortex  valve  and  all  are 
exclusively  In  the  tangential  output  control  mode  when  the  spool  Is 
In  the  neutral  or  lero  acceleration  position.  All  amplifiers  are  In 
the  radial  output  control  mode  when  the  spool  Is  displaced  (up  or  down) 
relative  to  the  stack  of  discs  (by  acceleration  force).  With  approxi¬ 
mately  0.020  Inch  displacement  either  way,  the  vortex  control  «wde  Is 
exclusively  radial  and  for  lesser  displacements,  the  mode  Is  a  com¬ 
bination  of  tangential  and  radial.  The  aapllfler  configuration  Is 
based  on  a  Harry  Diamond  Laboratories  (HDL)  amplifier  design  supplied 
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by  th«t  organization  for  the  application  ~  after  the  original  BoMles 
aeipllfler  design  was  found  to  have  been  Inadequate  In  tests  conducted 
by  Harry  Diamond  Laboratories,  ERAOCOM. 

Flow  Is  ported  through  the  various  other  discs  (shown  In  enlarged 
form  In  Appendix  A,  Figures  A-9  through  A-18)  from  the  Inlet  of  the 
coi^resslon  valve  through  the  applicable  anpllfler(s)  and  to  the 
vortex  valve.  The  vortex  valve  Is  also  made  up  of  discs  as  shown  In 
Figures  A-19  and  A-20.  A  series  of  the  vortex  type  discs  form  the 
vortex  chamber  Into  which  an  aRe)11f1er  output  flow  Is  directed,  either 
to  the  radial  (low  resistance),  or  tangential  (high  resistance)  ports, 
or  to  both  In  proportion  to  the  acceleration  comnand. 

HOOIFIED  COMPRESSION  VALVE 

The  compression  valve  configuration  shown  In  Figure  preceding 
the  final  design  was  very  similar  to  the  final  design.  The  main  dif¬ 
ference  between  them,  which  Improved  performance  approximately  200 
percent,  was  the  Increased  inlet/outlet  flow  channel  sizes  Incorporated 
In  the  final  configuration.  All  discs  In  the  final  design  were  revised 
to  increase  the  flow  area  of  the  Inlet  and  outlet  channels  by  a  factor 
of  four. 

Another  minor  difference  between  the  final  and  previous  compression 
valves  was  In  the  method  of  fabrication  of  the  vortex  valve.  Except 
for  the  Increased  channel  flow  area  for  the  tangential  and  radial  ports. 
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FIG.  12  -  riODIFIED  COMPRESSIOtl  YALVE 
MATCH  ASSY.,  P/N  332097/ 
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the  vortex  valve  sizing  Is  the  same.  The  vortex  valve  for  the  final 
design  was  fomcd  by  stacking  discs  as  shown  In  Figures  A>19  and  A-20, 
whereas  the  previous  vortex  valve  was  ntachined  from  bar  stock. 

However,  even  this  solid  piece  vortex  valve  was  fusion  bonded  to 
the  stack  of  discs. 

Also,  this  valve  configuration  used  a  86-42  stainless  steel  spool 
rather  than  the  tungsten  alloy  material  selected  for  the  final  con¬ 
figuration.  With  the  steel  spool,  the  P/N  3318972-1  disc  spring  was 
used  which  was  designed  for  a  spring  rate  of  0.216  pound/inch. 

2 

The  final  difference  was  total  nozzle  area  reduction  to  0.0024  In: 
as  determined  from  "breadboard"  tests  conducted  with  the  amplifiers  and 
the  Vortex  Valve  separated  from  each  other  so  that  the  total  nozzle 
area  could  be  varied  by  adding  or  removing  amplifier  discs. 


ORIGINAL  COMPRESSION  VALVE 

The  original  compression  valve  shown  In  Fig.  13  appears  to  be 
very  similar  to  the  two  designs  that  followed  (previously  described) 
because  all  were  sized  for  the  same  Installation  envelope  (Ref.  Fig 
14).  Also,  the  beam  deflection  amplifier  section  of  the  large  cylinder 
In  Fig.  13  (from  the  top  down  to  the  obvious  parting  line)  was  fabri¬ 
cated  by  stacking  photo-etched  discs  as  shown  In  Fig.  15.  However, 
the  beam  deflection  amplifier  configuration  was  based  on  the  Bowles 
design  as  shown  In  TARAOCOM  Report  No.  12086.  In  addition,  the  vortex 
valve  configuration  was  based  on  the  Bowles  design,  which  depended  on 
development  of  the  fluid  swirl  In  the  amplifier  block  as  shown  In  the 
TARAOCOM  report.  In  Fig.  13,  the  comparable  thing  was  done  as  can  be 
noted  by  the  group  of  discs  between  the  amplifier  group  and  the  one- 
piece  vortex  valve.  Unlike  the  next  two  designs  that  followed.  In  which 
the  vortex  valve  was  fusion  bonded  to  the  stack  of  discs,  the  vortex 
valve  In  the  original  design  was  secured  to  the  stack  by  the  three  roll- 
pins  which  can  be  seen  at  the  top  surface  In  Fig.  13.  The  Vortex  Valve 
and  the  amplifier  block  were  loaded  together  when  mounted  In  the  fixture 
to  form  a  metal -to-metal  seal  between  the  amplifier  block  and  the  Vortex 
Valve. 

When  this  design  showed  almost  no  resistance  change  with  spool  po¬ 
sition,  a  different  Vortex  Valve  was  used  with  the  Bowles  Amplifier  block. 

The  Vortex  Valve  Is  shown  In  Fig,  16.  It  Is  smaller  than  the  others  be¬ 
cause  Its  chamber  diameter  had  to  be  smaller  than  the  swirl  passages  In 
the  amplifier  block.  Its  outlet  diameter  was  chosen  to  maintain  the  5,8 
to  1  ratio  of  chamber  diameter  to  outlet  diameter  used  In  the  previous  design. 
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FIG.  13  -  'ik'OiriAL  COMPRESSION  VALVE 
MATCH  ASSY.,  P/N  73 Hr?!!! 
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APPENDIX  A 


SUPPORTING  DATA  AND  PHOTOGRAPHS 
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FIG.  A-1  -  STATIC  TEST  RESULTS,  KATCH  ASSEMBLY  NO.  1.  P/N  3320997-1 
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LEGEND:  (TUfWS  ON  28  THO/IH.  ADJUSTING  SCREW  FROH  NEUTRAL) 

.  1/8 

x-x-x  1/2 


SUPPLY  PRESSURE,  PSIG 

FIG.  A-3  -  STATIC  TEST  RESULTS,  MATCH  ASSEMBLY  NO.  3,  P/N  332C997-1 
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type  ^ 

FIG.  A-6  -  AMPLIFIER  DISC,  P/R  3320966-1 
(0.004  THICWtESS) 


FIG.  A-8  -  AMPLIFIER  DISC  j 

P/N  3320966-3  j 

(0.004  THICKNESS)  1 


TYPE  JO 
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FIG.  A-9 

TYPE 


-  PORTING  DISC 
P/N  33e0967 
(0.010  THICKWESS) 


PORTING  DISC 
P/N  3320968 
(0.010  THICKNESS) 


i 


FIG.  A-11  -  PORTING  DISC 
P/N  3320969 
(0.010  THICKNESS) 


45 


■  -  kuki  ING  DISC 


P/N  3320979 
(0.010  THICKNES: 


/  yp£ 
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riG.  A- 13  -  PORTING  DISC 
P/N  3320991 
(0.010  THICKNESS) 


rYPEL5 


FIG.  A-14  .  PORTING  DISC 

P/N  3320992-1 
(0.004  THICIOIESS) 


T  Y  PE  8 
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FIG.  A-15  -  PORTING  DISC 
P/N  3320993 
(0.010  THICKNESS) 


FIG.  A-16  .  PORTING  DISC 
P/N  3320G95 
(0.010  THICiCHfSS 
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Ua^  TEX 

FIG.  A-19  -  VORTEX  VALVE  CHAWER  DISC 

P/N  3321149  (0.010  THICKNESS) 
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FIG.  A-20  -  VORTEX  VALVE  ORIFICE  DISC 

P/N  3321148  (0.010  THICKNESS) 


APPENDIX  B 


COMPRESSION  VAl¥E  SIZING 
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APPENDIX  B 

COHPBESSIOW  VALVE  SIZING 

The  MxlMUM  acceleration,  "Force-Velocity"  Curve,  Fig.  B-1,  passes 
through  300  lbs.  and  4.25  ft/second.  Using  the  latter  as  a  design  point, 
paragraph  3. 5. 3. 2  and  equation  45  of  TACOM  Report  No.  12086  gives, 

where  Q  ■  flow  rate  •  V^  AR  (12) 

Vj  ■  shock  velocity  ft/sec  ■  4.25 

2 

Ajj  ■  shock  rod  area  ■  .3068  In 

•  flow  velocity  at  Vena  Contracta  ■ 

P  •  fluid  density  •  8  x  10*^  1b-sec^/1n^ 

•  orifice  coefficient  •  .608 

A^  •  power  nozzle  size  for  the  bean  deflection  amplifiers 
Kmln  ■  of  total  system  pressure  losses  In  the  radial  or 
maximum  acceleration  mode. 

Kmln  -  1.75 

Solving,  V|  ■  4,944  1n/$ec 
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^  -  15.65  In^/sec 

.  _  15.65  V^l.75  . 

^  JTOTW 

The  flow  area  of  a  single  power  jet  Is  A^. 


where  ■  power 
•  Power 

It  Is  desired  to  have  h^ 

.'.  •  ^,/2  - 
The  vortex  outlet  area  Is 
outlet  diameter  »  d  • 


Jet  nozzle  height 
Jet  nozzle  width 
■  2W 

.03388 

equal  to  3  ;  thus,  the  vortex 

‘  •°j.36_3_ln 


The  vortex  chamber  diameter  Is  then  required  to  be, 
0  •  5.8  d  •  .5431  In 


The  vortex  chamber  height  Is  then 


The  prellalnary  Vortex  Valve  ms  sized  as  noted  above. 

During  the  design  of  the  actual  coapresslon  valve,  a  new  force* 
velocity  curve  ms  required  by  TARAOCOH  (see  Report  No.  12226,  Fig. 
6-12  and  6-13)  as  shown  In  Fig.  B-2. 

Using  200  lbs.  and  2.17  ft/sec  as  a  design  point  and  using  the 
equations  above,  the  Vortex  Valve  Is  sized  as  follows: 

Outlet  Olameter  ■  .074* 

Chanfcer  Olameter  ■  .4294“ 

Chanber  Height  ■  .1718“ 

Am>1 If ler  Power  Jet  Width  -  .02679“ 


Oue  to  subsequent  design  charges  (HOL  amplifiers),  packaging 
requirements,  and  reconnendatlons  by  HOL,  the  final  sizing  was  estab¬ 
lished  as  follows; 

Vorte*  Outlet  Diameter  ■  ,052“ 

Chamber  Olameter  •  .419" 

Chanber  Height  •  .052" 


Power  Nozzle  Size  ■  .010  x  .040  (12  amplifiers), 
resulting  In  a  nozzle  area  to  vortex  outlet  area  ratio  of 
2.260  to  1. 


Naxlmun  static  compression  valve  performance,  resistance  ratio, 
MS  found  using  a  nozzle  size  of  .010  x  .020  (12  amplifiers)  for  a 
nozzle  area  to  vortex  outlet  area  ratio  of  1.13  to  1 . 


59 


The  daiipin9  orifice  size  for  the  inertial  valve  to  achieve  a  break 
frequency  of  r.  .1943  second  is  based  on  the  displaceewnt  of  the  valve 
with  respect  to  the  wheel  which  is  given  by: 


where  X  -  Inertial  valve  displacement  with  respect  to  the  wheel 
displacenkint 

Vw  ■  wheel  velocity 

K  -  valve  centering  spring  rate 

M  ■  valve  mass 

M/K  .  33.33  X  10‘® 

The  first  order  break  time  constant  at  r-  ,19  second. 

Solving  for  the  lowest  root  of  the  above  equation, 

•  1/.190 

(0/M)^  .  4  K/M  •  (0/M)^  -  21.06  D/M  110.9 
21.06  0/M  -  4  K/M  ♦  110.9 


Using  -  7.S22  x  lO'^  1b-sec^/in. 


0  •  .04462 


Tht  damping  force  Is  caused  by  the  flow  generated  pressure  drop 
across  an  orifice  attached  to  the  valve.  The  flow  through  the  orifice 
Is  given  by 

q  •  103  A.  VAp 

The  relative  velocity  of  the  valve  Is  given  by 
V  •  q/Aj 

The  damping  force  Is  given  by 

f  -  AjAp 

The  damping  coefficient.  0.  Is  given  by 
0  -  F/V  •  Aj^Ap/q 
Combining  the  above  4  equations. 


■WIT 

Assuming  !3  g  load. 

A  P  ■  ’’■«??■  ■  1.153 

(.ii'Tr/4 

D  •  .6431  »  10'®  •  .0462 


The  datnping  orifice  diameter  Is  therefore. 

0^  ■  .00421  In. 

'he  predicted  frequency  response  Is  shown  In  Figures  B-i  and  B-4. 
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4wni*cTfni  m  ,  tmmwmm  tm  m  . . —a purpose  Of  this 

development  effort  ms  to  achieve  a  practical  Implementation  of  a  fluidic  com* 
posite  valve  to  replace  tne  compression  valve  of  a  conventional  shock  absorber 
to  improve  vehicle  control  and  performance.  The  effort  was  to  result  in  the 
delivery  of  two  breadboard  adaptive  fluid  vibration  dampers  (shock  absorbers) 
for  Govemaent  evaluation. 

Program  results  inclu<te  the  s1zin9,  desl9n,  packa9ln9,  fabrication  and 
testing  of  several  modifications  of  a  compact,  inertially  controlled  arrangement 
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of  thret  p«ra11e1  fluidic  bcaa  defitctlon  wpllflers  cootrolling  a  vorttx. 
Fabrication  techniquas  of  the  fluidic  valve  Included  photo-etchlng  of  steel 
aapllfler  discs  that  were  diffusion  bondttd  to  fona  a  sleeve  for  a  conventional 
valve  spool  that  serves  as  the  Inertial  sensor.  A  unique  tMO-e1ectrohydrau11c 
servovalve  test  circuit  ms  produced  that  provided  constant  flow  control  over 
a  wide  range  of  load  variations. 

Two  breadboard  vibration  dampers,  one  assembled  and  one  unassembled,  were 
delivered  to  the  Government  for  evaluation. 
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